Periodontal diseases are inflammatory responses thought to be triggered by specific microorganisms colonizing in the gingival crevice. Theoretically, periodontal diseases could be prevented if the etiologic organisms were not allowed to colonize the subgingival area. The humoral immune response is one mechanism which may modulate bacterial colonization in the gingival crevice. To test the effect of systemic humoral immunity on subgingival colonization by bacteria, squirrel monkeys (Saimiri scuireus) were immunized with Bacteroides gingivalis, a black-pigmented Bacteroides sp. and putative periodontal pathogen. Immunized and sham-immunized monkeys were orally inoculated with 1010 viable B. gingivalis during ligation of five teeth in one quadrant with bacterium-soaked suture material and distribution over the entire dentogingival margin.
Periodontal disease is an inflammatory disease leading to destruction of the supporting structure of the teeth. The presence of specific microorganisms in the gingival crevice is considered to be the major etiologic agent which triggers the inflammatory response. Black-pigmented bacteroides (BPB) are among the gram-negative rods that have been detected in subgingival plaque (3) and have been implicated as principal etiologic agents of periodontitis (24) . Substantial microbiologic and immunologic data implicate BPB, particularly Bacteroides gingivalis, in destructive forms of adult periodontitis in humans (14, 17, 24) . The colonization of the subgingival crevice by antibiotic-resistant B. gingivalis was also reported to be associated with progression of periodontitis in nonhuman primates (i.e., Macaca sp.; 9). Elimination or prevention of colonization by specific periodontal pathogens such as B. gingivalis is thought to control the progression or onset of periodontal disease (19) . Other bacterial diseases can be immunologically modulated by vaccination with whole bacteria or purified bacterial antigens (6) . Consequently, this question arises: can colonization of the gingival crevice by suspected gram-negative anaerobic periodontal pathogens such as BPB be decreased or eliminated by a specific humoral immune response? Antibodies specific for periodontal microorganisms (22) , as well as complement and polymorphonuclear leukocytes, are found in the gingival crevice (2) . The presence of such agents in the gingival crevice suggests that components of the immune system required to immunologically modulate bacterial colonization can potentially come in contact with periodontal pathogens (16) . Indeed, stimulation of a serum immunoglobulin G (IgG) anti-Streptococcus mutans antibody response has been associated with a reduction both in the colonization of tooth surfaces by S. mutans and in the level of dental caries in nonhuman primate models (11) .
We recently reported that naturally occurring BPB, including B. gingivalis, could be detected in 50% of the squirrel monkeys sampled in a number of different population groups (5) . The presence of BPB was generally associ-* Corresponding author. ated with increased age, increased gingival inflammation, the presence of calculus, and increased levels of serum antibody. Whether or not B. gingivalis actually causes disease in these animals remains to be determined. However, the infection of the gingival margins of Macaca monkeys whose teeth had been ligated with B. gingivalis was associated with increased bone loss (9) . Ligature-induced periodontitis has also been well established in Saimiri scuireus, the squirrel monkey (1, 8, 10 (5) . Sonic extracts of the bacteria were used as an antigen. Binding of monkey IgG antibody to antigen was detected by using peroxidase-conjugated affinity-purified goat anti-human IgG. The quantity of monkey IgG bound to antigen was calculated from a standard curve derived from a known quantity of monkey IgG bound to wells coated with affinity-purified goat anti-human IgG (-y chain specific). The data were expressed as micrograms of monkey IgG antibody against the antigen per milliliter of serum.
Microbiology. Microbiologic sampling of the gingival crevicular area and culturing methods have been described previously (5) . BPB and Capnocytophaga sp. were enumerated on enriched tryptic soy agar (21) . Actinobacillus actinomycetemcomitans counts were determined by using the selective media of Slots (18) and were positively identified by immunoenzyme detection as previously described (12) . Fusobacterium sp. and Actinomyces sp. were enumerated on selective medium (23, 25) . Streptococci sp. counts were determined on mitis salivarius agar (7). In experiment 2, B. gingivalis and B. intermedius were differentiated by using biochemical tests and gas-liquid chromatography, as previously described (5) . Biochemical identification of B. gingivalis and B. intermedius was confirmed by immunoenzymic detection, using specific monoclonal antibodies as described for A. actinomycetemcomitans (12) .
Ligation and inoculation. One week after the second booster injection, all the animals in each group were sampled for BPB and bled. No BPB were detected in any of the animals before inoculation with B. gingivalis 1-372. After sampling and bleeding, five teeth in a mandibular right quadrant (quadrant 4) were ligated with 3-0 silk sutures soaked in B. gingivalis 1-372 (1010/ml). Immediately after ligation, 1010 B. gingivalis 1-372 cells were distributed interproximally at the gingival margin throughout the entire mouth of each animal. The viability of the B. gingivalis inoculum was assessed by plating and culturing an unused portion at the end of the inoculation procedure. Preliminary experiments showed that this inoculation procedure led to BPB colonization in the gingival crevice of nonimmunized animals which had been free of detectable BPB before inoculation. At weekly intervals, the animals were sampled for the presence of BPB and the inoculation procedure was repeated. In the nonligated quadrants, sterile endodontic paper points were used to sample the gingival crevice around each tooth (e.g., three premolars and first and second molars). Samples from teeth in the same quadrant were pooled. In the ligated quadrant, ligatures around each tooth were removed and pooled together as the sample for that quadrant. After samples were taken, new ligatures soaked in fresh B. gingivalis 1-372 were placed on the previously ligated teeth, and 1010 B. gingivalis 1-372 were introduced along the entire gingival margin as described above. The sampling, ligation, and inoculation regime was repeated weekly for 9 weeks. After ligatures were removed at 10 weeks, each quadrant was sampled an additional seven times in experiment 1 and four times in experiment 2, approximately every 2 weeks.
Statistical methods. Unless otherwise stated, all reported statistical results are from a one-tail Student t test for independent samples. All analyses were performed by using the Statistical Analysis System (20) .
RESULTS
Influence of immunization on anti-B. gingivalis 1-372 levels in serum. Immunization of animals with two injections of B. gingivalis 1-372 resulted in significantly (P < 0.0004) higher levels of IgG antibody in serum 2 weeks before ligation and inoculation (Table 1) . One week before ligation and inoculation, the immunized animals were given a third booster injection of B. gingivalis 1-372, which resulted in a tertiary IgG antibody response with levels in the range of 993 to 3,356 Rg of specific antibody per ml of serum. Although the antibody responses in the immunized monkeys varied at the peak response 2 weeks after the second booster injection (Table 1 , week 1 postligation and inoculation), all animals synthesized IgG anti-B. gingivalis antibody at levels at least 100-fold greater than those detected in the shamimmunized animals at week 1. Seven weeks after ligation and inoculation with B. gingivalis 1-372 were initiated, antibody (IgG) levels against B. gingivalis 1-372 had also increased in the sham-immunized animals. However, the mean anti-B. gingivalis 1-372 antibody levels in the immu- (13, 17) , are presented in Table 4 . As in the week-by-week analyses shown in Tables 2 and 3 , this analysis demonstrates significant differences in the CFU of BPB and the percentage of BPB between sham-immunized and immunized animals in the ligated (quadrant 4) and occluding (quadrant 1) quadrants. The lack of significance in quadrants 2 and 3 was most likely due to the relatively low frequency of BPB infection in these quadrants. 
DISCUSSION
The data clearly demonstrate that immunization of squirrel monkeys with B. gingivalis leads to an increased level of IgG anti-B. gingivalis antibodies in serum and is associated with a significant reduction in BPB colonization in the gingival crevice. We recognize that in these types of studies antibiotic-resistant (9) or genetically marked strains could be used to help ensure that the bacterial strain detected in subgingival plaque is the same as that used to vaccinate and inoculate the animals. However, antibiotic-resistant variant strains derived from nonresistant parent strains sometimes implant poorly relative to the parent strains (4). Since no BPB could be detected before inoculation, we chose to use a wild-type monkey-derived B. gingivalis strain for immunization and inoculation.
Before each experiment was begun, it was confirmed that no BPB could be detected in subgingival plaque samples from any of the animals. During experiment 1 the total BPB were enumerated, but B. gingivalis and B. intermedius were not differentiated. However, if these animals had also become colonized with B. intermedius, then the experiment would be weighed to favor an outcome of no difference in BPB colonization between immunized and sham-immunized animals, since the monkey anti-B. gingivalis antibody did not react with B. intermedius. Despite this possibility, the numbers of BPB were significantly lower in the immunized animals than in the sham-immunized animals. During experiment 2, B. gingivalis and B. intermedius were differentiated as described in Materials and Methods. These data were derived from six animals sampled a total of 12 times. For analysis, data from all quadrants at each sampling were pooled for each animal and analyzed by using a repeatedmeasures regression model, as described above. After ligation and inoculation with B. gingivalis 1-372, immunized animals in experiment 2 harbored microbiota which were 1.8% (standard deviation, ± 7.1) B. gingivalis, while in sham-immunized animals the corresponding value was 6.1% (standard deviation, ± 13.3). The difference between immunized and sham-immunized animals was right at statistical significance (P < 0.06). There was no statistically significant difference in B. intermedius levels in the two groups: 8.5%
(standard deviation, ± 10.2) for immunized animals versus 7.1% (standard deviation, ± 11.5) for sham-immunized animals (P < 0.97). It was not surprising that B. intermedius colonized immunized and sham-immunized animals similarly, since the animals were not immunized with B. intermedius, and we could detect no cross-reactivity between monkey-derived B. gingivalis and B. intermedius strains.
Although the ultimate goal of a vaccine is to prevent disease, in complex multifactorial diseases such as periodontal diseases it is important to first establish that colonization (16) . In the present study, we concentrated on the initial step in the disease process (i.e., colonization of a putative pathogen). The purpose of the ligatures was to facilitate BPB colonization. However, we did confirm that bone loss occurred around the ligated teeth in the six animals in experiment 2 by comparing radiographs taken before ligature placement with those taken of the same area after 10 weeks of ligation. Although we positioned the ligatures subgingivally, we made no attempt to keep them at the base of the pocket over the course of the experiment. Therefore, we do not know if vaccination and a reduction of BPB colonization in the gingival crevice also result in a measurable decreased bone loss in these animals. If one or more periodontal pathogenic microorganisms are of etiologic importance for initiating periodontal diseases, then prevention of infection by one or more of these organisms might be expected to influence the disease.
Okuda and co-workers (15) have recently shown that colonization by B. gingivalis (an organism not indigenous to rodents) in ligated hamsters can also be significantly reduced by subcutaneous immunization with whole cells or with purified bacterial hemagglutinin or by passive local immunization with rabbit IgG anti-whole B. gingivalis or antibacterial hemagglutinin antibodies. However, the present report is the first demonstration in nonhuman primates that subcutaneous immunization with B. gingivalis, a potential periodontal pathogen which is indigenous to these animals and to humans, is associated with modulation of subgingival colonization by BPB. These results suggest that it may be possible to develop immunologic strategies for prevention of infection by periodontal pathogenic microorganisms.
